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(57) Abstract 

Superconducting electromag^net apparatus comprises a main coil assembly (1) and a main cunent supply (5) energising aod 
de-eneigising (he main coll assembly (1), and for pemisting die cnrxent Aow in the main coil assembly (1) when a desired constant 
cuirenE level has been reached, in order to genetate a central magnetic field of hig^ homogeneity in a working volume, The apparatus 
further comprises a BO shim coil assembly (2) comprising superconducting shim coHs connected wllhin a dosed loop and arranged to 
magnetically couple witti the main cofl assembly (1) and an auxiliary current supply (6) for supplyirig cunoit to the dosed loop, and for 
persisting the cunent flow in the closed loop when a desittd constant cunont level has beat reached, in order to provide fine adjustment 
of the central magnetic field wiOiin the working vohime without slgaificandy degrading Ifae homogeneity of the central magnetic ficid. A 
control circuit (31, 38) Is provided fi9r controlling die main and auxiliary cunent supplies (5, 6) and the main coil assembly (1), die BO 
shim coil sssembly (2) and the control eircult (31, 38) are adapted to at least partly compensate fior the effect of variadon of the magnetic 
field wlfhin the working volume With time. In this case die ahhn coil assembly performs both the function of a BO shim and at the same 
time compensates for the ^ect of variation of the magnetic field widiin the working volume with time, thus avoiding the need to provide 
individual closed loop ooH assemblies fbr performing these functions separately which would result in functional difficdties due to inductive 
coupling between these auxiliary coil assemblies. 
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^'Superconducting Electromagnet Apparatus" 

This invention relates to superconducting electromagnet apparatus. Such 
5 apparatus can be used in various applications including nuclear magnetic resonance 
(NMR) spectroscopy and imaging and Fourier-transfonn mass spectrometcy (FTMS). 

In conventional superconducting electromagnet apparatus a main 
superconducting coil assembly of cylindrical form is used to produce a central magnetic 

10 field which varies very little over a specified working volume within the bore of the 
cylinder, that is the so-called homogeneity volume. In many applications of such 
apparatus, it is necessaiy for a precise value of the central magnetic field to be set 
FurthennorB it is oftoi necessary or desirable to make a fine adjustment to this central 
natagnetic field value, for example to reset the central magnetic field to the specified 

1 5 value after it has he&i altered by use of a passive or superconducting shim coil assembly 
(which is used to achieve the optimum degree of homogeneity within the homogeneity, 
volume but which can sometimes lead to a slight change in the central magnetic field 
value), Ideally this fine adjustment should be made without any degradation of the 
magnetic field homogeneity within the homogeneity volume. 

20 

It is known to make use of a So-called BO shim coil assembly to provide fine 
adjustment of the central magnetic, field value with minimal degradation of the magnetic 
field homogeneity within the homogeneity volume. Such a BO shim coil assembly 
comprises a plurality of superconducting coils connected in series to form a closed loop 

25 which is electrically separate fiom the main siqjerconducting coil assembly but which 
couples magnetically with the main coil assembly. The BO shim coils are wound on an 
outer former which surrounds en inner former on which the main coils are wound and 
within which the homogeneity volume is located. The BO shim coil assembly also 
incorporates a superconducting switch within the loop and current input terminals for 

30 adjusting the amount of current passing through the ^h^m coils and for enabling 
persistence of this current when the required current value is reached and the 
superconducting switch is closed, the required current value being zero or a posiriv or 



SUBSTITUTE SHEET (RULE 26) 



' • 24. AUG. 2001 14:32 MARKS AND CLERK NO. 0444 P. 6 



lA^ 



wo 00/52490 PCT/GBOO/00658 



2 

negative value. Tbe geometries of the BO shim coils are chosen so as to have 
substantially no effect on the homogeneity of the magnetic field within the homogeneity 
volume. Futthermore the BO shim coils are constructed using materials such that the 
maximum required operating current is well below the critical current at which the coils 
5 are no longer superconducting and such that there is insignificant drift in the magnetic 
fields associated with these coils. Thus, in the persisted mode in which the unifomi 
central magnetic field is maintained within the homogeneity volimie, the current in the 
shim coils will remain substantially unchanged ignoring the effect of any inductive 
interactions with any oth^ part of the electromagnet ^paiatus or with any external 
10 field source. Typically the shim coils are constmcted using wire having a critical 
currmt of the same order of magnitude as the wire used for the main magnet coils. 

In most circumstances the coupling of the BO shim coil assembly with other 
shim coil assemblies, ^^ch are provided to correct distortions in the magnetic field due 

15 to other distuibing influences, is minimaL This can be ensured by^propriate choice of 
the shim coil geometries. As is well known the superconducting switch of the BO shim, 
coil assembly can be operated in the same manner as the superconducting switch which 
is provided for controlling the main coil assembly. In botii cases, after the coils have 
been charged to the required current level fiom an external current source whilst the 

20 loop is open-drcuited by opening of the switch^ the switch is closed to allow the 
required constant current level to be maintained within the si^erconducting loop 
incozporating the coils. Where the main coil assembly is being initially energised, such 
switching of the switches associated with the main coil assembly and the BO shim coil 
assembly can be effected in series. However, when die main coil assembly is in the 

25 persisted mode, switching of the BO shim coil assembly must be effected independently 
of the main coil assembly to provide the required fine adjustment of the central 
magnetic field. 

In addition to the abihty to set the central magnetic field to a precise desired 
30 value, it is important in many applications that this set value remains stable with time. 
For example, in NMR spectroscopy, experiments conducted within the ^paratus can 
last over several days and even small variations in the value of the central magnetic 
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field, for example of the order of a few parts per billion, can lead to systematic 
differences in the spectral results obtained as a result of such experiments. There are 
essentially two ways in which the central magaetic field value can exhibit time- 
dependence, that is either as a result of a change in the ambient magnetic field due to 
5 external sources, or as a result of variation in the magnetic field generated by the main 
coil assembly itself. 

WO 89/09475 discloses a superconducting electromagnet apparatus which 
makes use of an assembly of auxiliary coils which magnetically couple to the maixi coil 

10 assembly in order to reduce the effect of variation of the central magnetic field value 
due to changes in the ambient magnetic field. In such apparatus an assembly of 
superconducting shielding coils connected in series within a loop is arranged so that the 
effective areas and mutual and self inductances of the main coils and the shielding coils 
are such that any change in the ambient magnetic field causes changes hi the currents of 

15 the main coils and tiie shielding coils in such a manner as to generate a change in the 
central magnetic field whidi opposes the change in the central magnetic field due to the . 
change in the ambient magnetic field alone. The main coil assembly would itself 
usually partiaUy shield the homogeneity volume fix>m the effect of such changes in the 
ambient magnetic field even without the use of such shielding coils, but the shielding 

20 effect can be significantly increased by the use of the shielding coils. 



Fuitheraiore EP 0468425A discloses an active-shield si^crconducting 
electromagnet apparatus comprising a first siq)erconduoting coil assembly for 
gen^ating a first magnetic field, and a second superconducting coil assembly for 

25 generating a second magnetic field, the second coil assembly being electrically 
connected m series with the first coil assembly and the two assemblies being arranged 
such that a resultant, uniform magnetic field is generated hi the working volume and the 
second magnetic field opposes the first magnetic field externally of the ^paratus so that 
the stray magnetic field outside the coil assemblies is very small. This enables 

30 personnel to work safely relatively close to the apparams without requiring an excessive 
amount of cumbersome and expensive iron shielding. 
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However the automatic shielding arrangement of WO 89/09475 is no longer 
effective in relation to conventional active-shield siq^erconducting electromagnet 
apparatus. Accordingly EP 0468425A proposes an airangement in which screwing 
coils connected within a closed loop are provided having a number of turns at least an 
5 order of magnitude less than the number of turns in the first and second coil assemblies 
so as to reduce the effect of disturbing influences on the centsral magnetic field whilst 
having an insignificant effect on the homogeneity of the central magnetic field In this 
case the screening coils are wound fiom superconducting vnre having a critical current 
such that they revert to the normal conducting state during quenching of the first and 
10 second coil assemblies. In this way the maximinn contribution which the screening 
coils can make to the stray magnetic field is rendered irisignificant Furthermore the 
number of turns of the screening coils is so small that it is a straightforward matter to 
generate current in the screening coils to provide adequate screening capacity without 
risk of generating significant stray magnetic field. 

15 

Widi regard to the second effect producing variation of the central xnagnetic. 
field value over time, that is variation of the magnetic field generated by the main coil 
assembly itself as a result of variation of the current supplied to the coil assembly, this 
efifect can be caused by the properties of the superconducting wire which is used to 

20 wind the coils and which can result in a very slow decrease in the current (typically 
several parts per billion per hoin- of the operatmg current value) in a phenomenon 
known as "drift". It is possible tp model such drift in terms of an elective residual 
resistance of the main coils, and to compensate for the drift on the basis of this 
relationship. Hie compensating of drift in this way is refetred to as "locking". 

25 However, in order for such compensation to be effective, it is important that the drift of 
the current in the con^ensating coils is insignificant by comparison with the drift of the 
current in the main coils. Since the effective residual resistance increases significantiy 
as the opo^ting current in the coils becomes comparable with the critical current value 
of flie wire used for winding the coils, tiiis requires the critical current value for a given 

30 maximum current in the compensating coils to be greater than a particular minimxnn 
value. 
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Furthermore the conventional BO shim coil assembly as described above actually 
has the effect of increasing the rate of change of the central field due to the drift of the 
current in the main coil assembly. 

5 It is an object of the invention to provide superconducting electromagDet 

^paratus with a BO shim coil assembly which, as well as providing fine adjustment of 
the central magnetic field value, also compensates for changes in the central magnetic 
field value with time either as a result of changes in the ambient magnetic field or as a 
result of changes in the field generated by the main coil assembly itself or as a resuh of 
10 both such effects. 

According to the present invention ihero is provided superconducting 
electromagnet apparatus comprising a main coil assembly, main current supply means 
connected to the main coil assembly for energising and de-energi&ing the main coil 

IS a$$embly> and fi>r persisting the cuiient flow in the main coil assembly when a desired 
constant current level has been reached, in order to graerate a central magnetic field of 
high homogeneity in a working volume, a BO shim coil assembly comprising 
superconducting shim coil means connected within a closed loop and axranged to 
magnetically couple with tiie main coil assembly, auxiliary current supply means 

20 connected to the BO shim coil assembly for supplying current to the closed loop, and for 
persisting the currrat flow in the closed loop when a desired constant current level has 
been reached, in order to provide fine adjustment of the central magnetic field within 
the working volume without significantly degrading the homogeneity of the central 
magnetic field, and control means for controlling the main and auxiliary current supply 

25 means, wherein the main coil assexnbly» the BO shim coil assembly and the control 
means are ad^ted to at least partly compensate for the effect of variation of the 
magnetic field within the working volume with time. 



30 It will be appreciated that the invention provides an arrangement by which a 

single closed loop coil assembly can p^orm the function of a BO shim *^lst at the 
same time comp^sating for the effect of variation of the magnetic field within the 
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woridng volume with time. The coil assembly may be ada^jted to compensate for the 
effect of time variation of the magnetic field as a result of time variation of the ambient 
magnetic field, or alternatively may be ad^ted to compensate for the effect of time 
variation of the magnetic field as a result of drift of the current in the main coil 
5 assembly. As a further alternative the shim coil assanbly may be adapted to 
compensate for both of these time-varying effects. However in all cases the single 
closed loop coil assembly serves several fimctions, and thus avoids the need to provide 
individual closed loop coil assemblies for perfomiing these functions separately which 
would result in functional difficulties in view of the fact that each such auxiliaiy coil 

10 assembly would couple inductively with the other auxiliary coil assemblies as well as 
with the main coil assembly- Furthermore the provision of separate auxiliary coil 
assemblies for perfbEining the different functions individually would result in additional 
complications in the design and construction of the apparatus, as well as rendering the 
e^paratus more expensive than apparatus in accordance with the invention in which a 

15 single closed loop coil assembly is adapted to perform more than one fiinction 
simultaneously* that is the above-described shielding and/or locking functions, in. 
addition to the fine adjustmmt of the central magnetic field value. 

In order that the invention may be more fully understood, superconducting 
20 electromagnet apparatus in accordance with the invention will now be described, by 
way of example, with reference to the accompanying drawings, in which: 

Figure 1 is a schematic diagram of a first embodiment of the invention; 

25 Figure 2 is a further schematic diagram showing the positions and sizes of 

individual coils within the first embodiment; 

Figure 3 is a block diagram of a control system for such apparatus; and 

30 Figures 4 and 5 are schematic diagrams of a second embodiment of the 

invention. 
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A description will now be given of a particular fonn of superconducting 
electromagnet apparatus in accordance with (he inveiUion for use in a particular NMR 
spectroscopy application in which a central magnetic field of high homogeneity and 
high constancy with respect to time is generated. However it should be appreciated that 
5 the design of such apparatus is dictated by the particular application in which it is to be 
used, and that dififerent designs of apparatus in accordance with the invention are 
required for other applications. Furthermore the description of such apparatus omits a 
description of those features which are already well known in the art, such as the 
particular method of fibiication of the coik and details of the associated radiation 
1 0 shielding and cooling airangements. 

Refening to Figure I the superconducting electromagnet apparatus comprises a 
cylindrical main coil assembly consisting of main coils 1 connected in series within a 
closed loop la including a superconducting switch 3 having a heating elemoit and 

15 electrical connections 5 for the stqiply of drive current to the main coUs fiom an 
external cuiicnt source (not shown). The superconducting switch 3 is also provided, 
with electrical connections 7 for the supply of cunent to the heating element of the 
switch 3. Furthermore a BO shim coil assembly is provided in tiie form of BO shim coils 
2 connected in series within a closed loop 2a including a superconducting switch 4 

20 having a heating element and electrical connections 6 for simply of drive current to the 
BO shim coils fiom an external current souroe (not shown). The superconducting switch 
4 is also provided with electrical connections 8 for the supply of current to the heating 
element of the switch 4. 

25 Figure 2 diagrammatically shows an upper axial section through the i5)paratus. 

It will be appreciated that the lower axial section is not shown in order to render the 
figure easier to read, but that this is similar to the upp^ axial section, and that in 
practice each of the coils and formers shown in the figure are of cylindrical form 
surrounding an axial bore 9 defining the woridng volume of the magnet. Referring to 

30 Figure 2 the main coil assembly comprises two main magnet coils 1 1 and 12 wound on 
an inner cylindrical aluminium former 10 (shown in broken lines in the figure). The 
current circulating through the two main magnet c ils 11 and 12 provides most of the 
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central magnetic field, but the magnetic field produced by these coils would not be 
homogeneous enough for NMR spectroscopy applications without the provision of 
further compensating coils. Accordingly smaller compensating coils 13, 14, 15 and 16 
are wound on a further cylindrical aluminium former 20 (also shown in broken lines in 
5 the figure) which is coaxial with, and surrounds, the inner former 10. The purpose of 
the smaller compensating coils 13 to 16 is to correct for most of the lowest order axial 
inhomogeneities introduced by the main magnet coils 1 1 and 12, The coils 1 1 to 16 are 
connected in series within a closed loop and are supplied with cunrent in a manner 
already described above. 

10 

The design of the BO shim coil assembly follows broadly similar principles to 
ensure that it produces a largely homogeneous central magnetic field contribution 
within the homogeneity volume* To this end the BO shim coil assembly comprises a 
long solenoid coil 17 wound on the inner former 10 between' the coils 11 and 12, and 

15 two smaller coils 18 and 19 wound on top of the coils 13 and 14 on the former 20 and 
designed to substantially cancel the lowest order inhomogeneities that would be. 
produced by the coil 17 alone. The coils 17, 18 and 19 are connected in series within a 
closed loop and are supplied with current in a manner already described above. The 
positions of the coils 17, 1 8 and 19, and the numbers of turns in each coil, are chosen so 

20 that the efifective BO strength is suitable for the specific application and such as to 
produce fevourable locking and shielding eflfocts, In particular the central coU 17 
should be positioned close to the working volume in order to provide tiie required 
locking effect It should be noted that, since the caitral coil 17 is wound on the same 
fomier 10 as the main coils 11 and 12, the three coils are potted together, that is 

25 embedded within the same integral block of wax or other potting material. An outer 
former 30 (also shown in broken lines in the figure) is provided for the other 
(conventional) suporoonducting shim coils 29 for optimising the homogeneity of the 
central magnedc field within the homogeneity volume. 

30 Figure 3 shows a block circuit diagram of the cinxent supply and control system 

for such apparatus. A power sxipply 31 is provided for supplying and controlling 
current to the BO shim coil assembly 32, and additionally for controlling the supply of 
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current from a curreat source 34 to the heating element of the superconducting switch 
33 of the BO shim coil assembly. Furthennore a power supply 38 is provided for the 
supply and control of current to the main coil assembly 35, as well as for controlling the 
supply of cuirent from a cunrent source 32 to the heating element of the superconducting 
S switch 36 of the main coil assembly. 

When the main magnet switdi 36 is opened, the BO shim coil switch 33 is also 
normally held open, the ability to control the current sources 37 and 34 serially being 
indicated schematically by an arrow coimecting the source 37 to the source 34. In one 

10 possible arrangement Ae BO shim coil switch 33 opens automatically if the main 
magnet develops a voltage across it above a certain threshold, for example in quench 
conditions or if the main coil switch 36 is open. This protects the BO shim coil 
assembly 32 from damage which might otherwise result from the large current produced 
by inductive coupling to the main coil assembly 35 if the main coil assembly were to 

15 quench or the main coil switdi were to open. It is also possible to control the BO shim 
coil switch independoitly of the power supply 31 as shown by the arrow 39* 

The specific coil geometry for both the main coil assembly and the BO shim coil 
assembly in a particular example is indicated in Table I below. From this geometry, the 

20 effective areas for the two circuits can be calculated, and in turn the current/field ratios 
and the self and mutual inductances can be derived. ITiese are given in Table 2 below. 
Using these parameters in equations 4, 6 and 10 of the theoretical summary set out 
below yields an effective BO strength of 1-4 mT/A, a shielding fector to external 
influences of approximately 6, and a locking factor for central magnetic field drift of 

25 approximately 6.7. 



coil 


mean radius (cm) 


width (cm) 


turns 


11 


4.58 


33.00 


7330 


12 


5.76 


33.00 


21146 


13 


7,17 


4.70 


1066 


14 


7,03 


0.20 


18 


15 


7.17 


4.70 


1066 


16 


7.03 


0.20 


18 


17 


5.01 


33.00 


3662 


18 


7.43 


4.70 


103 
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19 7.43 4.70 103 

Table 1: Geometry of particular example 



Mutual inductance of main magnet and BO 2.98 H 

Self inductance of main magnet 25.88 H 

Self inductance of BO shim 0.3892 

Effective aiea of main magnet 307.3 m^ 

Effective area of BO shim 32.4 m 

Strength of main magnet 1.06E-01 T/A 

Strength of BO shim alone 1 .36E-02 T/A 

Table 2: Calculated parameters of particular exan^le 



10 It should be appreciated that various modifications of this basic desiga are 

possible within the scope of the invention. For example the main ooU assembly may 
include coils wound in either sense and may comprise a mixture of coils with some of 
the coils being wound in one diiection and oflier coils being wound in &e opposite 
direction. In particular flie main coU assembly may be arranged to provide active 

1 5 screening as described above. Furtbetmore the BO shim coil assembly may also include 
coils wound in either sense and may comprise a mixture of coils wound in one direction 
and coils wound in the opposite direction. 

Although the BO shim coils 17. 18 and 19 are described as separately wound 
20 coUs in the description with reference to Figure 2. it should be appreciated that it would 
also be possible for some or all of the windings of the BO shim coil assembly to be 
constituted by parts of the main coil assembly, so that these parts of the main coil 
assembly would fbnn parts of both tiie main magnet cirouit and the BO shim coil circuit 
and would cany cuirent ftom both circuits. The incorporation of all or part of the BO 
25 shim coil assembly in the main coil assembly .may be advantageous in certain 
ciicumstances, and may provide a simpler and less costly construction. 

Figure 4 is a diagram, similar to that of Figure 1, showing a second embodiment 
of file invention in which the BO shim coils 2" are constituted by parts of flie main coils 
30 I'. In Figure 4 like refaence numerals denote the same parts as in Figure 1. 
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Furthermore Figure 5 diagrammatically shows the connections between the coils in this 
second embodiment in more detail, the coils consisting of two main magnet coils 11' 
and 12\ smaller compensating coils 13', 14\ 15' and 16' and the BO shim coils IT, 18* 
and 19' having similar functions to the correspoiiding coils 11-19 shown in Figure 2, 
Apart fiom the fact that the BO shim coils 17, 18 and 19 form parts of the main coil 
assembly, the constmction of this second embodiment is similar to that of the first 
embodiment 

Theoretical basis 

The following description provides what is believed to be a reasonable 
theoretical basis for the design of superconducting electromagnet apparatus in 
accordance with the invention in which a single coil assembly performs the three 
functions of a BO shim, shielding and locking. 



The main properties of a combined BO shixn/shielding/locldng coil assembly can 
be deduced fiom three basic equations governing the main magnet/shim interactions.. 
Equadons 1 and 2 represent Faraday's law of induction q>plied to the main coil 
assembly and shim coil assembly respectively, and equation 3 is related to Ampere's 
20 law. 

25 

In these equations the symbols represent the following: 



Symbol 


Meaning 


Afn 


Effective area of main coil assembly 


A. 


Effective area of BO shim coil assembly 


B 


Central magnetic field 




External ( ambient) magnetic field 


et 


Applied emf when adjusting BO current 


In, 


Cuirent in main coil assembly 


I* 


Current in BO shim coil assembly 
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n i 


Self inductance of main coil assembly 


Ls 


Self inductance of BO shim coil assembly 


M 


Mutual inductance of main/BO shim coil assemblies 




Flux linking main coil assembly 




Hux UnkiiiR BO shim coil assembly 




Effective residual resistance of main coil assembly _^ 




Effective residual resistance of BO shim coil assembly 


Sm 


Central magnetic field/current ratio for isolated main coil assembly 




Central ma^etic field/current ratio for isolated BO shim coil a$sembly_ 



A) If current is driven into the BO shim coil assembly at a rate much faster than any 
external field changes and any internal magnet drift (i.e. in aU practical cases), equation 
5 1 gives A/„ =-iM/L„)M, , whlchin equations leadsto an effectiveBO strength of: 



10 The first term on the li^-hand side of this equation is the diange in the cMitial 

magnetic field per amp for the isolated BO shim ooU assembly, and the second term is 
the effect on the central magnetic field due to the induced change in current in the main 
coil assembly per amp of current in the BO shim coil assembly. 

15 B) If the BO shim coil assembly is in the persisted state but there are pertiirbatiotis 
in the ambient magnetic field (dB^/dt ^ 0 ) which dominate compared to the drift of 
the magnet, then solving equations 1 and 2 gives: 



20 



25 



By using equations 5 in 3, the reduction in the influence of a change in the ambient 
magnetic field can be shown to be: 
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6. 



Hie first tenn on the right-hand side of this equation (unity) is the change in the 
5 central magnetic field with neither the main coil assembly nor the BO shim coil 
assembly present. Furthermore the first part of the second term is the change in the 
central magnetic field due to the current induced in the BO shim coil assembly 
considered as part of the complete system, that is allowmg for inductive coupling with 
the main coil assembly. The second part of the second term is the change in the central 
10 magnetic field due to the current induced in the main coil assembly considered as part 
of the complete system, that is allowing for inductive coiq>ling with the main coil 
assembly. 

C) If the main coil assembly is in the persisted state but there are no external 
15 perturbations to the magnetic field, then the natural magnet drift (allowed for in 
equations 1 and 2 by the effective resistances) will become dominant* If the BO shim 
coil assembly is designed such that «/^ (critical current), then we can assume that 
R^t^Of and equation 2 can be substituted in equation 1 to give; 



20 7. 




From this, the change in the magnetic field is found from equation 3: 

25 



8. 




Without the BO shim coil assembly the main magnet drift would be: 

30 
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dt L„ 
so that the reduction in magnetic field change is given by: 

5 



10. 




The denominator on the right-hand side of this equation relates to the change in 
10 the central magnetic field due to the current inductively coupled into the BO shim coil 
assembly relative to the change in the central magnetic field due to the current 
inductively coupled out of the main coil assembly. The nmnerator relates to the eflfect 
which the inductive coupling of the two coil assemblies has on the rate of change of 
cuxrent in the main coil assembly. 

15 

It will be ^predated that equations 4, 6 and 10 above can be i^lied to 
determine the optimum geometries and positioning of the main coil assembly and BO 
shim coil assembly in order to provide the required locking and/or shielding in addition 
to the conventional BO shim function of the BO shim coil assembly. The effect of 
20 moving a coil (the coil 17 in Figure 2) of the BO shim coil assembly furtiier towards the 
magnet bore is to increase S, but to decrease A^, and this can result in an increase in the 
locking effect, although in some cases it can also lead to a decrease in the shielding 
effect 
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CLAIMS: 

1. Superconducting electromagnet £^paratus comprising a main coil assembly 
(1; r), main cuirent supply means (5) connected to the main coil assembly for 
5 energising and de-energising the main coil assembly, and for persisting the current flow 
in the main coil assembly when a desired constant current level has been reached, in 
order to graierate a central magnetic field of high homogeneity m a working volume, a 
BO shim coil assembly (2; 2") comprising superconducting shim coil means connected 
within a closed loop and arranged to magnetically couple with the znain coil assembly 

10 (1; r), auxiliary current supply means (6) connected to the BO shim coil assembly for 
supplying current to the closed loop, and for persisting the current flow in the closed 
loop when a desired constant current level has been reached, in order to provide fine 
adjustment of the central magnetic field within the working volume without 
significantly degrading the homogeneity of the ca:itr3l magnetic field, and control 

IS means (31, 38) for controlling the main and auxiliary current simply means (5« 6\ 
wherein the mam coil assembly (1; 1*), the BO shim coil assembly (2; 2*) and the control, 
means (3 1 , 38) are ad^ted to at least partly compensate for the effect of variation of the 
magnetic field within the working volume with time. 

20 2. Apparatus according to claim 1» wherein the main coil assembly (1; 1% the BO 
shim coil assembly (2; 2*) and the control means (31, 38) are adapted to competxsate for 
the effect of time variation of the magnetic field within the working volume as a result 
of variation of the ambient magnetic field with time. 

25 3. Apparatus according to claim 1 or 2, wherein the main coil assembly (1; 1% the 
BO shim coil assembly (2; 20 and the control means (3 1, 38) are adapted to compensate 
for the effect of time variation of the magnetic field within the working volume as a 
result of variation of the current flow in the main coil assembly with time. 

30 4. Apparams according to claim 1, 2 or 3, wherein the BO shim coil assembly 
(2; 2') is constnicted firom a material having a critical cuirent value, at which the BO 
shim coil assembly would revert to the normal conducting state, which is significantly 
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greater than the value af the current required to compensate for time variation of the 
magnetic field within the working volume* 

5. Apparatus according to any preceding claim, wherein the BO shim coil assembly 
5 (2; 27 incorporates at least one coil wound on the same fonner as at least one coil of the 

main coil assembly. 

6. Apparatus according to any preceding claim, wherein the auxiliary current 
supply means (6) incorporates a superconducting switch (4) including a heating element 

10 for heating the switch (4) to drive it out of its superconducting state to cause the cuirent 
passing through the switch (4) to dec^. 

7. Apparatus according to any precedix\g claim, wherein the main current supply 
means (5) incorporates a superconducting switch (3) including a heating element for 

IS heating the switch (3) to drive it out of its superconducting state to cause the current in 
the main coil assembly (1 ; 1 to decay. 

8. Apparatus according to any preceding claim, wherein the auxiliary current 
supply means (6) includes input terminals to which current is supplied under control of 

20 the control means (31) during initial energisation of the BO shim coil assembly (2; 2*), 
such current supply to the input temiinals being temiinated when the current flowing in 
the closed loop has reached the desired level. 

9. ^paratus according to any preceding claim, wherein the main coil assembly 
25 (1; r) comprises a plurality of superconducting main coils connected in series within a 

closed loop. 

10. Apparatus according to any preceding claim, wherein the main coil assembly 
(1; 1') comprises at least one coil wound in one direction and at least one other coil 

30 wound in the opposite direction. 
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11. Apparatus according to any preceding claim, wherein the BO shim coil assembly 
(2; 2') comprises a plurality of superwnducdng shim coils connected in series within a 
closed loop. 

5 12, Apparatus according to claim 11, wherein at least one of the coils of the BO shim 
coil assembly (2; 2") is constimted by pare of the main coil assembly^ 

13» Apparatus according to any preceding claim, wherein the BO shim coil assembly 
(2; 2') comprises at least one coil wound in one direction and at least one other coil 
10 wound in the opposite direction. 

14. Apparatus according to any preceding claim, wherein at least one further shim 
coil assOTbly (29) is provided for adjustment of the degree of homogeneity of the 
central magnetic field 

15 ' 



20 



25 



30 
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claims are fully supported by the description, are made: 
see separate sheet 
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R ItemV 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or 
industrial applicability; citations and explanations supporting such statement 

Reference is made to the following documents: 
D1: US-A-4 713 722; 

D2: JP-A-601 94504 [as published In Patent Abstracts of Japan; vol. 10, no. 35 
published on 12-02-1986]. 

The present application does not satisfy the criterion set forth In Article 33(2) PCT because 
the subject-matter of claims 1 and 2 is not new in respect of the prior art as defined in the 
regulations [Rule 64(1) - (3) PCT]: 

Document D1 discloses [cf. D1 : col. 1 , line 8 - col. 1 0. line 24 

and the figures]: 
- a superconducting electromagnet apparatus comprising: 

- a superconducting main coil assembly [reference "1" in D1, fig. 1] generating a 
magnetic filed of a homogeneity high enough to carry out an MRI examination and 
its associated current supply means for energising and de-energising the main coil 
assembly, 

- a superconducting shim coil assembly [reference •S" In D1, fig. 1] for providing fine 
adjustment of the magnetic field In the worl<lng volume with its associated current 
supply means for adjusting the value and the homogeneity of the main magnetic field. 

- both superconducting coll assemblies are held in the state of closed loops, 

- control means for controlling the current supply means of the main and of the shim 
coil assembly, both current supply means being adapted to compensate for the effect 
of variation of the magnetic field In the Imaging volume with time [e.g.: to compensate 
for the effect of a timely varying magnetic field gradient which has been generated 
in the working volume), the control means being adapted to provide a significant 
compensation for the effect of said variation of the magnetic field within the wori<ing 
volume. 

Hence, the subject-matter of ciaiQisJ_and2 Is not new. 
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The present application does not satisfy the criterion set forth in Article 33(3) PCT because 
the fii ihjRct-matter of claims 3-14 does not involve an inventive step [Rule 65(1) and (2) 
PCT]: 

It Is considered that these claims specify adaptations of the general construction principle 
that is known from D1 to the different ways of building up a superconducting 
electromagnet apparatus which adaptations are known and are straightforward to carry out 
for the person skilled In the art of electromagnet construction. Therefore, the subject- 
matter of claims 3 « 14 lacks an Inventive step. 

The objections above are due in part to the broad expression "variation of the magnetic 
field within the woridng volume with time" that is used In claim 1 . In order to clearly define 
the object of the invention, it is suggested to draft the independent claim specifying: 
- the control means are adapted to compensate for the effect of variation of th 
magnetic field with time within the wotWng volume, which variation is due to the residual 
resistance of the superconducting coil assemblies [cf. page 4, lines 22 - 24]. 

However In view of the disclosures of documents D1 and D2, it is not apparent which 
features in the present application go beyond the disclosure of these documents. In other 
words, It is not clear why the compensation means of D1 or D2 could not be used to also 
compensate for a variation with time due to the residual resistance of the superconducting 
coll assemblies of the magnetic field within the working volume. Hence, the stmctural 
features in the claims can be found in D1 or D2. 

Therefore, it is necessary to specify the features In the claims by a structural definition and 
not only by a functional definition as Is presently the case. Hence, the structural features 
that go beyond the disclosure of D1 , D2 and the other documents cited in the search report 
and that enable the specified result of compensating to be achieved and that enable an 
unambiguous delimitation with respect to these documents should have been Included in 
the Independent claim. 
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Re Item VII 

Certain defects In the international application 

To meet the requirements of Rule 5.1(a)(ii) PCT, the document D1 should have been 
identified in the description and the relevant background art disclosed therein should have 
been briefly discussed. Furthermore, the references of the prior art that is discussed on 
page 1 , line 8 - page 2, line 27 should have been Included in these passages. 

To meet the requirements of Rule 6.3 (b) PCT, the independent claim should have been 
properly cast in the two part fomi. with those features which in combination are part of the 
prior art [see document 01] being placed In the preamble. 

The features of the claims should have been provided with reference signs placed in 
parentheses (Rule 6.2(b) PCT). 
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Re It m VIII 

Certain observations on the international application 

The application does not meet the requirements of Article 6 PCT for the following reasons; 

The following terms or expressions used in the claims are vague and indefinite and, as 
such, render the scope of the claims unclear; accordingly, the claims require amendment 
to remove these defects [Article 6 PCT]: 

- main coil assembly [claims 1 , 3, 9, 10 and 12: The claims do not define the delimitation 
between a main coil assembly and an auxiliary coil assembly or a coil assembly that is 
not a main coil assembly.]; 

- a magnetic field of high homogeneity [claim 1 1 What Is the delimitation between a 
magnetic field of high homogeneity, of low homogeneity or of a homogeneity?]; 

- fine adjustment of the magnetic field [claim 1 : How to delimh a fine adjustment from 
an adjustment?]; 

- significantly degrading the homogeneity, significant compensation [claim 1: How to 
delimit a significant degradation or a significant compensation from an insignificant 
degradation or a degradation / an Insignificant compensation or a compensation? This 
applies also to the tenn "significant** used In claim 4.]. 

As also stated in Section V above, the claims do not meet the requirements of Article 6 
PCT In that the matter for which protection is sought is not clearly defined. The claims 
attempt to define the subject-matter in terms of the result to be achieved ["to provide a 
significant compensation for the effect of variation.,."] which merely amounts to a statement 
of the underlying problem. These functional statement does not enable the skilled person 
to determine which technical features are necessary to perform the stated function. 
Therefore, the technical features necessary for achieving this result should have been 
included in the claims. 

Claim 1 specifies: 

- the control means being adapted to provide a "significant" compensation for the effect 
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of variation of the magnetic field within the working volume ... whilst maintaining the 
supercondLtctino current flows in the main coil assembly and the Bo shim coil assembly. 
It is not clear how in a superconducting magnet apparatus a variation of the magnetic field 
can be compensated by maintaining the level of current flowing In the coils of said 
apparatus and generating the magnetic fields in question, as specified by: 

- maintaining the superconducting current flows. 
The apparent contradiction created by this specification has been ignored in Section V 
above. 

On page 6, lines 6-11 the description discloses a single closed loop coil assembly 
constituted by the main coil assembly and by the shim coil assembly. This passage is in 
contradiction to the subject-matter of claim 1 which specifies a main coll assembly and a 
shim coil assembly which are not necessarily constituted as a single closed loop coil 
assembly. 
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ForQiermore the ccmvexitional BO shim coil assembly as described above actually 
has the effect of increasing the rate of change of the central JBeld due to the dzilt of the 
current in the main coil assembly* 



10 



It is an object of the invention to provide superconducting electromagnet 
apparatus wifli a BO shim coil assembly which, as well as providing fine adjustment of 
the central magnetic field vahie, also comp^ates for changes in the central magnetic 
field value with time either as a result of changes in flie ambient magnetic fidd or as a 
result of changes in the field generated by the main coil assembly itself or as a result of 
both such effects. 



According to the present invention there is provided sq;>ercondncting 
electromagnet aiTparatus convzising amain coil assembly (1; l*) for producing a central 
magnetic field in a working volume^ main current supply means (5) coxmected to the 

15 main coil assembly for energising and de^eigising die main coil assembly* and for 
persisting the siq^etconducting current flow in the main coil ass^bly when a desired 
constant current level has been Feached» in order to generate a central magnetic field of 
high homogeneity in the worldng volume, a BO diirn coil assembly (2; 2^ for providing 
fine a^tistment of the central magnetic field, the BO shim coil assembly compnsms 

20 superconducting shim coil means connected within a closed loc^ and arranged to 
magnetically col^>le with the main coil assembly (1; 1% auxiliary current ^pfy means 
(6) connected to tbe BO sMm coil assembly for supplying current to the closed loop, and 
for persisting the si^erconducting current flow in the closed loop when a desired 
constant curr^t level has been reached, in order to provide fine adjustment of d>e 

25 central magnetic field within tbe woikmg volume without significantly degrading fee 
homogeneity of die central magnetic field, and control means (31, 38) for coniroUing 
the main and auxiliary current supply means (5, 6). wherein the main coil assembly (1; 
1% the BO shim coil assembly (2; 2") and the control means (31. 38) are ad^ted to 
provide significant compensation for the effect of variation of the magnetic field within 

30 the woridng volume with time whilst maintaining the si^CTConducting current flows in 
the main coil assonbly (1; 10 and the BO shim coil assembly (2; 2*). 
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It should be understood ibat ihe tenn "sigoifieant coxxQ>eiisali n" is used in fhis 
context to denote a level of compensation wbidi is such as to lead to a sigmficant 
impiovanent in system perfonnance. This would include situations where an 
experiment or implication is achievable witii such "sigmficant compaisatioii'', whraeas 
such an eiqieriment or plication could not be perfbtmed without such conqiensation. 

It will be appreciated that Has inv«ition provides an azrangement by which a 
single closed loop coil assembly can p^orm the function of a BO shim whilst at fhc 
same time compensating for the effect of vaxialiou of the magnetic field within the 
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CLAIMS: 



1. Siipeiicondiictiiig electromagnet apparatus conquising a main coil assembly 
(1; 1*) for producing a central magnetic field in a woddng volume^ main cwient supply 
5 means (5) connected to the main coil assembly for eneigjsing aiul de^ergising the 
main coil assembly, and for persisting the 5tq>erconducting cuzrent flow in the main coil 
assembly when a desired constant cnaent level has bcCT reached, in order to ge^ 
cCTttal magnetic field of hi^ homogendly in the woddng volume, a BO shim coil 
assembly (2; 2*) for providing fine adjnstm»t of the central magnetic fidd, die BO shim 
10 coil assembly compridng sopeiconducting shim coil means connected within a closed 
loop and arranged to magnetically couple with the main coil assembly (1; auxiliary 
current supply means (6) coimected to the BO shim coil asswibly for supplying cmrent 
to ^e closed loop, and for persisting the siqiwconductixig cmrait flow in the closed loop 
when a desired constant current level has been reached^ in order to provide fine 
IS adjustment of the central magnetic field within the woddng volume without 
significantly degrading die homogeneity^ of the central magnetic field, and control 
means (31» 38) for controlling the main and auxiliary current 5|]^ly means (5» 6)» 
wherein the main coil assonbly (1; l")* the BO shim coil assembly (2; 2^ and the control 
means (31, 38) are ad^ted to provide significant compensation for the efibct of 
20 variation of the magnetic field within the working volinne with time whilst maintaining 

the siq)erconductingcxar€ait flows in the inain coil assembly 0 l*) and fiie BO shim coil 
assembly (2; 2% 

2. Apparatus accordirig to claim 1, wh^em fiie main coil assembly (1; 1% die BO 
25 shim coil assembly (2; 2*) and the control means (31, 38) are adapted to compensate for 

the effect of time variation of the magnetic field within the working volume as a result 
of variation of the ambient magnetic field with time. 

3. Apparatus according to claim 1 or 2, wherein the main coil assembly (1; 1 ■). the 
30 BO shim coil assembly (2; 2*) and the control means (31, 38) are adapted to conq^ensatc 

for tibe effect of time variation of the magnedc field wifljin the working volume as a 
result of variation of the current flow in the main coil assembly with time. 
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4. Apparatus accoiding to daim 1, 2 or 3, whoein tbe BO shim coil asseoably 
(2; 2*) is constructed from a material having a critical current value, at wMch the BO 
gh irn coil assembly would revert to the nomial condacting state, which is significantly 
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Furthermore the conventional BO shim coil assembly as described above actually 
has the effect of increasing the rate of change of the central field due to the drift of the 
current in the main coil assembly. 

It is an object of the invention to provide superconducting electromagnet 
apparatus with a BO shim coil assembly which, as well as providing fine adjustment of 
the central magnetic field value, also compensates for changes in the central magnetic 
field value with time either as a result of changes in the ambient magnetic field or as a 
result of changes in the field generated by the main coil assembly itself, or as a result of 
both such effects. 

According to the present invention there is provided superconducting 
electromagnet apparatus comprising a main coil assembly, main current supply means 
connected to the main coil assembly for energising and de-energising the main coil 
assembly, and for persisting the current flow in the main coil assembly when a desired 
constant current level has been reached, in order to generate a central magnetic field of 
high homogeneity in a working volume, a BO shim coil assembly comprising 
superconducting shim coil means connected within a closed loop and arranged to 
magnetically couple with the main coil assembly, auxiliary current supply means 
connected to the BO shim coil assembly for supplying current to the closed loop, and for 
persisting the current flow in the closed loop when a desired constant current level has 
been reached, in order to provide fine adjustment of the central magnetic field within 
the working volume without significantly degrading the homogeneity of the central 
magnetic field, and control means for controlling the main and auxiliary current supply 
means, wherein the main coil assembly, the BO shim coil assembly and the control 
means are adapted to at least partly compensate for the effect of variation of the 
magnetic field within the working volume with time. 



It will be appreciated that the invention provides an arrangement by which a 
single closed loop coil assembly can perform the fimction of a BO shim whilst at the 
same time compensating for the effect of variation of the magnetic field within the 
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CLAIMS: 



1. Superconducting electromagnet apparatus comprising a main coil assembly 
(1; 1'), main current supply means (5) connected to the main coil assembly for 
energising and de-energising the main coil assembly, and for persisting the current flow 
in the main coil assembly when a desired constant current level has been reached, in 
order to generate a central magnetic field of high homogeneity in a working volume, a 
BO shim coil assembly (2; 2') comprising superconducting shim coil means connected 
within a closed loop and arranged to magnetically couple with the main coil assembly 
(1; 1'), auxiUary current supply means (6) connected to the BO shim coil assembly for 
supplying current to the closed loop, and for persisting the current flow in the closed 
loop when a desired constant current level has been reached, in order to provide fine 
adjustment of the central magnetic field within the working volume without 
significantly degrading the homogeneity of the central magnetic field, and control 
means (31, 38) for controlling the main and auxiliary current supply means (5, 6), 
wherein the main coil assembly (1; 1'), the BO shim coil assembly (2; 2") and the control 
means (31, 38) are adapted to at least partly compensate for the effect of variation of the 
magnetic field within the working volume with time. 

2. Apparatus according to claim 1, wherein the main coil assembly (1; 1'), the BO 
shim coil assembly (2; 2') and the control means (31, 38) are adapted to compensate for 
the effect of time variation of the magnetic field within the working volume as a result 
of variation of the ambient magnetic field with time. 

3. Apparatus according to claim 1 or 2, wherein the main coil assembly (1; 1'), the 
BO shim coil assembly (2; 2') and the control means (31, 38) are adapted to compensate 
for the effect of time variation of the magnetic field within the working volume as a 
resuh of variation of the current flow in the main coil assembly with time. 

4. Apparatus according to claim 1, 2 or 3, wherein the BO shim coil assembly 
(2; 2*) is constructed fi-om a material having a critical current value, at which the BO 
shim coil assembly would revert to the normal conducting state, which is significantly 
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